Abstract. Composite series of ENSO indices recorded over 36 months preceding major fire years in four National Parks in northern Patagonia were compared with series of these indices for individual years over the period 1950-1996 by means of an additive temporal phase coherence index. Logistic regressions of the dichotomous variable high vs low regional fire occurrence against the coherence index gained highest significant classificatory power using an index based on SST anomaly data between January of year -3 to August of year -1 . Thus, warnings of extreme fire seasons could be declared as early as 3 months before the full fire season starts (i.e. early September). A regional fire season readiness index is proposed based on the periodicity of the Southern Oscillation, strong links with climate at particular regions of the globe, and empirically derived climatic controls on fine fuel buildup and coarse fuel desiccation. This long-range alerting tool could help decision-makers prepare preventative measures to mitigate the effects of large, high intensity wildfire seasons. However, it should be used with caution given that differences in timing in the onset of ENSO events and instability in teleconnection patterns could change climatic sequences, differentially affecting fire susceptibility.
Introduction
Under extreme climatic conditions, temperate as well as tropical forested regions are exposed to very large wildfires and very active fire seasons. Many of these climatic anomalies worldwide are linked to the phenomenon of El Niño-Southern Oscillation (ENSO) (Leighton and Wirawan 1986; Swetnam and Betancourt 1990; Nicholls 1992; Meggers 1994; Brown 1998; Laurance 1998) . Anomalous coupled oceanographic-atmospheric conditions which recur periodically over the tropical Pacific Ocean and the atmospheric interactions (teleconnections) with extratropical regions constitute the single largest source of climatic variability on a global scale (Díaz and Markgraf 1992) .
Climate variability in southern South America is strongly influenced by the strength and latitudinal position of the south-east Pacific subtropical anticyclone blocking the flow of moist Pacific air into the continent by steering westerly cyclonic storms southwards. Small interannual deviations in latitude, particularly during its spring-summer southward expansion, are accompanied by substantial anomalies in regional precipitation and temperature (Pittock 1980) . The degree of anomalous tropical Pacific convection related to ENSO controls the strength of the south-east Pacific high pressure cell (Aceituno 1988) , thus indirectly influencing climate over large portions of southern South America. Coincident with El Niño events (the warm or negative phase of the Southern Oscillation) and a weak, northerly displaced anticyclone, winter-spring precipitation is abundant over mid-latitudes of the Pacific coast of South America and summer temperature is above average. Conversely cold La Niña, related to a strong, southerly spread anticyclone is associated with the opposite conditions (Aceituno 1988; Kiladis and Díaz 1989) .
The hydrological cycle in northern Patagonia is mostly dominated by cool season (winter and early spring) precipitation, and variations in this seasonal moisture are correlated with southern-oscillation indices (SOI), sea surface temperatures (SST) and tree-ring width indices (Villalba 1990 (Villalba , 1994 Villalba and Veblen 1997) . Tree-ring fire reconstructions based on sampling and analyses of hundreds of widely distributed fire-scarred trees that span 3-4 centuries back in time indicate that fires burned synchronously over wide areas of northern Patagonia when the previous 1-2 year period had reduced cool season moisture, generally preceded by an increased moisture during the previous 3-4 years Veblen et al. 1999) .
Increased amplitudes of the Southern Oscillation can lead to an increased fire activity over ENSO-sensitive regions by at least two different mechanisms. First, increased fine fuel production in previous seasons and years appears to be quite important to regional fire. A pattern of 1 to several years of El Niño conditions leads to fuel buildup via both increased plant productivity and decreased fire activity. Second, La Niña conditions following El Niño events result in drying of the accumulated fuels, leading to more successful fire ignitions and widespread burning (Baisan and Swetnam 1990; Swetnam and Betancourt 1990; .
It is encouraging, however, that the onset and relatively predictable development of ENSO events precede the affected fire season by months to years, because this offers a window of opportunity for planning and action. Preventative measures and fire fighting readiness might reduce the occurrence and mitigate the effects of large, high intensity fire events in the future, but only if decision makers are alerted to the hazards beforehand. This paper proposes an objective empirically derived ENSO index-based forecasting methodology for predicting fire season activity.
Study area
The study area comprises four major national parks (Lanín, Nahuel Huapi, Lago Puelo or Los Alerces National parks) that spread over a N-S distance of approximately 400 km and from the Andean continental divide towards the eastern Patagonian plains in northern Patagonia, Argentina (~39°S to 43°S; 71°W to 72°W). The total protected area is approximately 1.4 million ha (Bruno and Martin 1982) Spatially, fires regimes change from high intensity large fires in the wet forest, mixed high intensity and surface fires in woodlands, and grassland fires in the steppe. Temporal changes in fire regimes in northern Patagonia have been linked to both changes in human occupation and climatic variation (Veblen and Lorenz 1988; Veblen et al. 1992; . Previous studies have shown an abrupt rise in fire frequency in the mid-19th Century coincident with increased Native American use of the area. These studies also have related the abundance of ~100-year old forest cohorts to massive burning of European colonists in the late 1800s, and increases in woodland densities during the present century with a sharp decline in surface fires formerly set by Native American hunters (Veblen and Lorenz 1987; Veblen and Markgraf 1988; . Despite the fact that most modern fires are set by humans (lightning accounts for 15% of all ignitions and 21% of the area burned; Bruno and Martin 1982) , previous research based on instrumental as well as pre-instrumental records has demonstrated strong controls of interannual climatic variablity (e.g. ENSO-related variability) on regional fire spread and occurrence Veblen et al. 1999) .
Methods
The temporal pattern of monthly climatic anomalies associated with high regional fire occurrence were investigated by compositing indices of the Southern Oscillation and Sea Surface Temperature over a 36-month moving window preceding the year of extensive fires in northern Patagonia. The mean anomaly in the Southern Oscillation Index (SOI; standardized sea level pressure difference between Tahiti and Darwin, Australia) and the mean sea surface temperature (SST) anomaly for Niño regions 1 and 2 (between 80°-90°W and 0°-10°S) in the eastern tropical Pacific were composited for extensive fire years (> 2000 ha burned 1950-1996 , n = 14) based on fire reports of the Argentinean National Park Service (Bruno and Martin 1982 ; Administración de Parques Nacionales, unpublished data).
An index was developed to measure the degree in which monthly ENSO conditions that precede a particular fire year are in phase (coherent) or out of phase with the mean composite ENSO behavior that lead to extensive fire years in northern Patagonia. High/low coherence between the composite and the individual year monthly series should indicate high/low regional fire risk for that particular year.
Let c i be the composite value for each of the 36 monthly ENSO indices (SST or SOI) preceding years of extensive fire and x ki and be each raw ENSO index of the 36 monthly series for an individual year k. For a particular year k, the product c i x ki and its sum over i months takes increasing positive values when c i and x ki are of the same sign and depart from 0 (when they are in phase). This situation is indicative of a high fire risk for that particular year. Conversely, when c i and x ki are of opposite sign during individual months (or during longer periods), the product (and its sum over i months) takes increasing negative values, indicating that the composite and the individual series are out of phase or uncoherent and a relatively low fire risk is expected. Thus, a coherence index I k of the form:
was calculated for each of the k years between 1950 and 1996.
To make this (or any) fire risk index useful for warning systems it should be readily calculable well before the fire season. Therefore, three forecasting times were tested: ᭹ A very early forecasting in May (year -1); this is in late fall before the fire season; ᭹ In August (year -1); this is late winter before the fire season; and ᭹ In December (year -1), right at the beginning of the fire season (high fire season is December (year -1 to March (year 0; Fig. 1 ).
Thus, calculations of I k were done summing January (year -3) to either May, August or December of year -1 to obtain I kMay , I kAug , and I kDec , respectively.
Non-linear threshold-type functions between I k and annual area burned led to the use of logistic regression. This procedure is used when the dependent variable can be classified into discrete outcomes, in this case years with high fire incidence (1) and years with low fire incidence (0). The model describes the probability of a year k of belonging to population 1 (high fire incidence, P I ) as:
where b 0 and b 1 are coefficients of the model.
To select the model with highest predictive power, logistic regressions were performed for indices constructed from SST and SOI anomaly series with three forecasting points in May, August and December of year -1. Estimation was performed minimizing the least squares loss function (sum of squared deviations of the observed values for the dependent variable from those predicted by the model).
Results
Composites based on averages of years of most extensive wildfire in northern Patagonia between 1950 and 1996 are characterized by mean SOI and SST anomalies approximately +0.5 s.d. and -0.5 s.d., respectively, during a period of 18-20 months preceding the fire season (i.e. until fall of year -2), corresponding to cold La Niña conditions in the tropical eastern Pacific ( Fig. 1 ; Appendix I). A reversal of similar magnitude in the pattern is detected during year -3, corresponding to previous warm El Niño conditions. Smallest deviations from 0 are evident during the summers (JFM) of all years, coincident with the season in which a reversal in climatic teleconnection for northern Patagonia has been detected (i.e. drier warmer conditions during El Niño; Aceituno 1988; Kitzberger and Veblen, in press ). Previous analyses indicate that years of very little annual area burned show the reversed composite pattern of El Niño conditions during 1-2 years previous to the fire season with a reversal to the preceding La Niña stage by year -3 Fig. 2b) .
As examples, the evolution of standardized SST prior to the very active 1975 fire season shows a relatively tight coherence with the composite series, with above average SST (El Niño conditions) during year -3, followed by a sudden drop in SST during almost the entire 2 years preceding the fire season, confirmed by a relatively high coherence index value of 8.94 (Fig. 2) . In contrast, the 1981 . Annual area burned within four National Parks and coherence index I kAug are indicated for both individual years.
season characterized by very little fire activity shows almost a reversed pattern with below-average SST during year -3 and above-or near-average SST during the 2 years preceding the fire season and a low coherence value of -3.65 (Fig. 2) . A plot of all coherence indices of the entire period as a function of the annual area burned shows a pronounced steplike function with an I kAug threshold value of approximately 1.4 (Fig. 3) . Annual area burned for coherence values below the threshold fall generally below 500 ha with many values close to 0 whereas, at coherence values above 1.4, area burned quickly increases to several thousand hectares (Fig. 3) . Similar relations appeared for I kMay and I kDec . This relationship suggests that the annual area burned increases abruptly when monthly ENSO indices mimic at least in the trend (not necessarily the intensity) the pattern reversal from El Niño to La Niña conditions from year -3 to years -2 and -1 evidenced in the composite series (Fig. 1) .
Logistic regressions performed between wildfire incidence (0: < 250 ha burned, 1: > 250 ha burned) and coherence indices indicate highest predictive for I kAug (Table  1 ; Fig. 4 ). Earlier (May) and later (December) forecasting times gave poorer fits to the models. Alternative criteria to define fire occurrence (150 ha and 500 ha thresholds) as well as coherence indices constructed to include also year -4, resulted in all cases in models with lower explanatory power.
The model that best explained (53.9% of the variance) was when the incidence of fire was defined by a 250 ha threshold and when the coherence index was calculated from year -3 to August preceding the fire season as the forecasting time (Table 1 ; Appendix II). Taking the 0.5 probability as the classification threshold, this model I Aug misclassified 4 out of 43 years (Fig. 4) . A contingency analysis of the classificatory power of this threshold (I Aug = 1.41) was highly significant (χ 2 = 28.7, 1 d.f., P < 0.00001). Two years (1955 and 1983) that the model predicted to be of low fire incidence (< 250 ha) had actually 737 and 275 ha burned, respectively ( Fig. 5a and 5b) , and two years predicted to be of high fire occurrence (1968 and 1972) had 3 and 20 ha burned, respectively ( Fig. 5c and 5d ).
Discussion
This model suggest that it is possible to assign probabilities of occurrence of high vs low wildfire seasons in northern Patagonia based on the evolution of ENSO anomalies during the 36 months that precede the fire season. In addition, warnings of extreme fire seasons could be declared as early as 3 months before the full fire season starts (i.e. early September).
However, considerable care should be taken with the use of this index as the model misclassified almost 10% of the cases. Several reasons explain the anomalous predictions.
First, ENSO events differ in timing and, because the seasonal climatic signal switches (e.g. moist cool springs to warm dry summers during warm phases), lagged events may induce a different temporal sequence of climatic anomalies, which in turn could influence fire proneness (Veblen et al. 1999) . This is the case of the relatively active 1983 fire season, predicted to be a season with low fire occurrence. In this case a very strong El Niño event developed during mid 1982, producing a relatively dry and hot fire season. Had the warm event initiated earlier in 1982, moist cool winters and springs may have prevented the occurrence of widespread fires. As a matter of fact the 1984 fire season, located at the end of the warm event, had less fire activity (30 ha burned). If the cold event is strong enough, a single year of cold phase conditions may suffice to create fire prone conditions, as was the case prior to the 1955 fire season (Fig. 5b) .
Second, not all events produce the same climatic teleconnection pattern (Villalba 1994) . Therefore, some cold events predicted to relate to drier winters-springs could have anomalous behaviors. This is possibly the case prior to the 1972 and 1968 fire seasons during which, despite the permanent cold ENSO state, winters and springs were interrupted by anomalous high precipitation that possibly reduced the risk of fire during the subsequent summer ( Fig. 5c and 5d) . Third, the model assumes that, over the study region (four National Parks), ignition sources are not limiting, thus the amount of area annually burned is a function of fuel moisture. Given the high interannual variability in lightning occurrence (Kitzberger and Veblen, in press) this may not be the case during some years. However, this limitation may be averaged out by an increasing human use of these areas (tourism, houses, cities) .
Finally, the use of this index assumes that the ENSO-climate relationships are stable over time and in the future. The historical record shows that tropical-extratropical teconnection patterns in general have changed in different multi-decadal periods , which could in turn modify long-term regional fire regimes (Swetnam and Betancourt 1998) . For instance, the climatic signal of the Southern Oscillation in southern South America weakened and virtually disappeared during the 1930-1940 period (Villalba and Veblen 1998) . Despite the high ; n = 14; dashed line). Bars indicate standardized deviations in monthly precipitation based on the Bariloche Airport weather station . Annual area burned within four National Parks and coherence index I kAug are indicated for individual years.
variability in the timing of events and instability of the ENSO-climate relation, long-term data based on regional networks of fire scars and historical documentary records of El Niño events revealed that years of widespread fire in northern Patagonia coincided either with the warm summer related to the onset of the El Niño events or occurred the year that preceded the onset of El Niño events; or, in other words, dry spring conditions related to late stages of La Niña events (Veblen et al. 1999) . Unfortunately the length of both the fire records as well as the ENSO indices prevented an independent test of these relationships based on a reasonably long validation period. Therefore, until new cases are accumulated to produce statistical validation, this analysis should be considered tentative. In contrast to short-term fire danger indices which predict individual fire occurrence and behavior based on the current state of fuels as a function of measured past and present climatic conditions, this index predicts in a coarser dichotomous fashion the severity of the fire season. This approach takes advantage of the relatively predictable periodicity and high temporal autocorrelation of the Southern Oscillation, strong links with climate at particular regions, and the fact that fine fuel buildup and coarse fuel moisture conditions depend in a time-lagged fashion on past climatic conditions. Therefore, rather than providing fire readiness at particular sites and during particular times of the fire season, this index could be used as an long-range alerting tool that could help decision makers prepare preventative measures to mitigate the effects of large, high intensity wildfire seasons in northern Patagonia or other ENSO-sensitive regions elsewhere.
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